I INTRODUCTION
Phantoms representing the human body or parts thereof models. 2) of the human body are used to evaluate the energy deposition in organs resulting from internal and external radiation transport in the body. Traditionally, these phantoms have been This type of phantom was developed at the Oak Ridge National Laboratory 3~8) various ages. 3) For these models, the organ masses and volumes Review Man. 9) As an improvement to these hermaphrodite models, KRAMER et al., 10) and four models representing were developed by STABIN et al. 11) As an extension and improvement to these earlier models, number of volume elements (voxels) and are the most detailed representation of human anatomy at the moment. 12~20) Voxel the simulation of human anatomy is required. Until now, they have been used for the simulation of exposures due to ionising
Various authors have shown that the organ shapes of the 21~26) For radiation beam. 22, 23, 27~29) absorption). 24, 25, 30, 31) Consequently, voxel phantoms that are 32) as "voxel phantoms for the human body…". Radiation individuals. ICRP and ICRU have established a system of large number of models available so far did not represent the 9) or 89. 33) 32) they had to be performed by DIMBYLOW, 14) who adjusted a segmented phantom (NORMAN) with body mass and height as well as 9) build standard human models, 34, 35) where the individual organ 70 and 89. 36) -Environmental Health (formerly: GSF -Centre for Environment and Health), and the International Commission on Radiation Units and Measurements (ICRU).
II SPECIFICATIONS THAT HAD TO BE MET
It is obvious that the voxel phantoms to be used for 32) should possibly the assessment of human exposure to ionising radiation urinary bladder, and uterus. Furthermore, additional target Model 37) 38) These target pharynx, sequestered ET 2 ("yellow") bone marrow (YBM). Due to the limited resolution (in the range of millimetres) and target tissues, "surrogate" regions had to be found or medulla, and pelvis. A list of all organs, tissues and regions Table 1 . Adrenals:  1  Adrenal, left  2 Adrenal, right Airways (and mouth): 3 Anterior nasal passage (ET 1 ) 4
Organ ID Organ/Tissue
Posterior nasal passage down to larynx (ET 2 ) 5 6 7 8
Blood vessels: 9
Blood vessels, head 10
Blood vessels, trunk 11
Blood vessels, arms 12
Blood vessels, legs Bones:
Arm bones: Humeri, upper half: 13 14 Humeri, upper half, spongiosa 15 Humeri, lower half: 16 17 Humeri, lower half, spongiosa 18
Ulnae and radii: 19 20 Ulnae and radii, spongiosa 21
Wrists and hand bones: 22 23 Wrists and hand bones, spongiosa 24 25 Cranium: 26 27 Cranium, spongiosa Leg bones:
Femora, upper half: 28 29 Femora, upper half, spongiosa 30 Femora, lower half: 31 32
Femora, lower half, spongiosa 33 34 35 36 Ankles and foot bones: 37 38
Ankles and foot bones, spongiosa Mandible: 39 40 Mandible, spongiosa Pelvis:
Organ ID
Organ/Tissue 41 42 Pelvis, spongiosa Ribs: 43 44 Ribs Table 1 in the body. There is, however, little quantitative information person in different postures are available. Studies for internal 39, 40) Thus,
III STRATEGY TO MEET THE DEMANDS
32, 33) appropriate relations was small. The following steps were then followed:
(1) adjustment of the body height and the skeleton mass of voxels, (3) addition of tissues not present in the primary voxels.
IV STARTING POINTS -GOLEM AND LAURA
the male adult voxel model "Golem" 18) was used that was Table 1 pixels. The original voxel size was 8 mm in height with an in-plane resolution of 2.08 mm, resulting in a voxel volume of 34.6 mm 3 -but not all-33) 36) An attempt was, however, made by the developers of Golem to assess the amount of bone marrow body. 18) of hard bone, yellow and red bone marrow, was a linear interpolation. Voxels with grey values below a threshold value
The relative amounts of marrow and bone were estimated by linearly interpolating between the above mentioned limiting in these bone regions, all marrow was, therefore, assigned to YBM. In all other bones, the estimated amount of bone marrow was divided into equal volumes of RBM and YBM, of hard bone, RBM and YBM that have been estimated with 3 , the mass densities given for these tissues in ICRU Report 46, 41) resulted in a mass of Golem's entire skeleton of 10.450 kg. 18) The relative 36) basis of the voxel model "Laura". The primary data were to a voxel volume of 17.6 mm 3 primarily segmented in Laura, and the number of different bone sites was 19. 35) skeleton was assessed on voxel basis by the developers. The thresholds for the linear interpolation for hard bone and bone 36) i. e. 1.5% of the whole 36) for the various bone to evaluate the proportions of hard bone, RBM and YBM in total skeleton mass of 8.5 kg (or 9.1 kg when the segmented
V MODIFICATIONS
were performed in several stages, where the intermediate
History of revisions
Godwin and Klara 35) As already mentioned above, the mass of the skeleton 10.5 kg. It was our wish not to manipulate the skeleton shape this deviation. The skeleton mass of 7.8 kg that was aimed body mass of 53.2 kg. 42) one neighbour that does not belong to the same organ. The
When adjustment of Godwin's individual organs was
However, other organs in the head turned out to be small as well, and Golem's head is remarkably narrow; therefore, it was then re-sampled to the same voxel size as the rest of the Golem, however, Laura's head had normal size. Therefore, modify the skeleton shapevoxels were then added by re-assigning previous soft-tissue one by one, beginning with those that were larger than resolution and visibility. For most organs, however, a very adjusting the density.
"wrapped" with additional layers of adipose tissue. Towards within 0.01 g.
the skeleton was nineteen, thus separately identifying those 36) bone site and depended upon the relative amounts of RBM and YBM in the bone, not on individual voxel grey values. A Godwin and Klara. These were the following: teeth; fourteen 33) the mass densities from ICRU Report 46. 41) For the four soft tissue small intestine, large intestine, ovaries, testes, thyroid, urinary bladder; Soft tissue 2: brain, heart, kidneys; Soft tissue 3: ureters, uterus).
When these two phantoms were reviewed by DOCAL, amendments were suggested that lead to the next stage of
Rex and Regina
It was suggested to subdivide the skeleton further and 43) Furthermore, 33) This lead to a slightly different average density of the skeleton Godwin and Klara to Rex and Regina.
for Rex and Regina from that of Godwin and Klara, the voxel of the segmented skeleton. Being determined by the body segmented, the voxel heights for Rex and Regina are the same as for Godwin and Klara, and only the voxel in-plane side length was evaluated to be 2.137 mm, resulting in a voxel volume of 36.54 mm 3 , for Regina, the voxel side length is 1.775 mm, resulting in a voxel volume of 15.25 mm 3 the voxel sizes are thus different from Godwin and Klara, the individual soft-tissue organ masses had to be adjusted to In an additional attempt to improve the models, further images. Some effort was made to identify a larger amount of lungs, larger blood vessels were also segmented as well as an the lung volume was then assigned a homogeneous tissue, value. Furthermore, as already mentioned above, left and separately: adrenals, breasts, eyes, kidneys, lungs, ovaries, salivary glands, testes, and ureters. In the kidneys, the renal avoid shielding of the body by the arms for irradiation from posterior, the arms had to be shifted more to the sides. Where the hands had been, the trunk shape showed indentations that had to be removed. Similarly, a small indentation at the bottom of the trunk of the male phantom by one of the arms was removed. 44~46) the groins and axillae, and to some extent also the hollows of "wrapped" with additional layers of adipose tissue.
were added at the top of the head and at the bottom of the Regina as those for Godwin and Klara.
Final versions of the reference computational phantoms
At the stage of Rex and Regina, the anatomy of the by ICRP 33) and ICRU, 41) The distribution of blood among the individual organs was 33) for the male and be evaluated for the large majority of organs. The liver, as l (or 560 g) for the male and 0.39 l (or 410 g) for the female of blood were then evaluated as weighted average of the proportions of blood, also the above mentioned averaging of previously applied averaging of the soft tissue mass densities was, however, retained. In total, 52 separate elemental phantoms separately. and then ICRP-AM and ICRP-AF (ICRP Adult Male/ Female), but neither were generally adopted. Finally, it was now and then, it may be worth noting that they all refer to 1) Rex and Regina, if properly referred, have also the same anatomy, but different elemental tissue
VI DESCRIPTION OF THE ADULT MALE AND FEMALE REFERENCE COMPUTATIONAL PHANTOMS

Main characteristics
three-dimensional array of organ ID numbers. The ID is the number stored in the voxel array at the positions of those phantoms are summarised in Table 2 . Table 3 shows a list 33) are also shown. As an illustration, Figure 1 1)
phantoms.
Skeleton was managed to represent the gross spatial distribution of the given voxel resolution. 43 amount of red marrow 33, 36) and 89 based on earlier data of Cristy. 47) The bone marrow 36, 47) in an individual bone gives the volume proportion of the entire marrow in this bone that is still of the volume of yellow marrow from the red bone marrow marrow volume 33, 36) and that assigned to individual bones the lower halves of humeri and femora, the lower arm and leg bones, and the hand and foot bones. A portion of the remaining and the lower arm and leg bones; the rest was attributed to the For some bones, e. g., the sternum of the male and the phantom, the total bone marrow volume that is required to 36) is only marginally less than the segmented total volume of these around the sternum were, therefore, segmented in only a few assigned voxel size. the spongiosa was possible at the given voxel resolution,
Limitations due to image resolution
voxel layer lining the airways of nose, larynx and pharynx. This does not mirror their small dimension of tissues were segmented to greater depths in the lungs, voxel phantom. These form the rest of the lungs as a homogeneous tissue with a density that is the average of the voxel in-plane resolution of 2.137 mm for the male The total skin masses thus derived are 13% and 18% volume ratio. At the given voxel resolution, the number of layer represents the gall bladder wall. Thus, the gall phantoms were assigned as adipose tissue with the number of residual tissue voxels adjusted to permit example, in assessing depth dose in the tissues of the respiratory airways of the HRTM 37) or the walls of the 38) the and neutron absorbed doses to these same tissues may be tissue assignment.
VII FURTHER DATA PRESENTED IN ICRP PUBLICATION 110
110. 1) Annex A presents a list of the individually segmented mass. Annex B presents a list of the phantom media and data are summarised.
VIII APPLICATIONS AND LIMITATIONS
1) are the organ and tissue from exposure to ionizing individual, and thus they should not be used to assess doses in mind.
IX CONCLUSIONS
that the voxel models do not only have the advantage of a -but that ionising radiation that is planned following the new ICRP 110 1) internal and external exposures using these phantoms. These real individual, and that they should not be used to assess for radiation treatment planning purposes, an image-based model, partial or whole body, for every individual patient organs away from the target volume.
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